Absence of Kondo lattice coherence effects in Ceo.6Lao.4Pb3: A magnetic-field study 
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The specific heat of poly crystalline Ceo.6Lao.4Pb3 has been measured in magnetic fields ranging 
from to 14 T. After subtraction of a lattice contribution, the specific heat between 1 K and 10 K is 
well described by the S = | single-impurity Kondo model with just one adjustable parameter: the 
zero-field Kondo temperature. In particular, the variation in the temperature and the height of the 
peak in C vs T is captured with good accuracy. This fit suggests that lattice coherence effects play 
no significant role in the magnetic-field response of this concentrated Kondo system. 



I. INTRODUCTION 



II. EXPERIMENT 
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Lately, there has been renewed interest in the sub- 
ject of the Kondo lattice and its relation to the single- 
impurity Kondo model. Nakatsuji et alX have proposed 
a two-fluid model that thermodynamic and transport 
properties of Ce^Lai-^CoIns by the superposition of a 
single-impurity part and a coherent heavy-fermion liquid 
part. It has been shown for the concentrated Ce alloys 
(x > 0.5) that only 10% of the low-temperature specific 
heat corresponds to the single-impurity part, and that 
this part can be described by the same Kondo tempera- 
ture Tk for all concentrations x. 

This remarkable result, which suggests that the specific 
heat is essentially a coherent lattice property, requires 
reexamination of previous investigations concluding that 
single-impurity physics accounts rather well for the ther- 
modynamic properties of a number of heavy fermions. Of 
particular note is the alloy series Ce^Lai-^Pbs, for which 
the zero-field specific heat scales with Ce concentration 
for < x < 0.6, and the specific heat per Ce is accounted 
for quantitatively by the S = | single-impurity Kondo 
models The absence of coherence effects in Ce^Lai-^Pbs 
is surprising given that the pure compound CePb3 or- 
ders antiferromagnetically at Tjy = 1.1 K, pointing to 
the presence of significant inter-ion correlations. 

In order to provide a more rigorous test of the single- 
impurity picture in Ce^Lai-^Pbs, we have measured the 
specific heat of polycrystalline Ceo.6Lao.4Pb3 in magnetic 
fields ranging from to 14 T. The x = 0.6 concentration 
was chosen to satisfy two criteria: the system should be 
sufficiently concentrated and it should not order magnet- 
ically at any temperature. After subtraction of a lattice 
contribution, we find that the specific heat between 1 K 
and 10 K is well described by the S = h single-impurity 
Kondo model with just one adjustable parameter: the 
zero-field Kondo temperature, Tr = 2.6 ± 0.2 K. In par- 
ticular, the variation in the temperature and the height 
of the peak in C vs T is captured with good accuracy. 
This fit is non-trivial, given that the impurity has a field- 
dependent g factor arising from field-induced mixing of 
Ce crystalline electric field levels. 



Two polycrystalline samples of Ceo.6Lao.4Pb3 were 
synthesized independently in an arc melter, using highest 
available grade elements (Ce and La from Ames National 
Laboratory, Pb 6N from AESAR Johnson Matthey). Be- 
cause of the high vapor pressure of Pb, the starting ma- 
terial had additional Pb to compensate for vapor losses. 
The starting composition for sample 1 had 3% more Pb 
than indicated by stoichiometry, while that for sample 
2 had an additional 2%. Each sample was repeatedly 
remelted to improve the homogeneity. After each remelt- 
ing, the sample mass was compared to that expected for 
the stoichiometric material under the assumption that 
there were no vapor losses of Ce and La at the low arc 
current used. The process was repeated until the fi- 
nal stoichiometry (assuming no loss of Ce and La) was 
Ceo.6Lao.4Pb3.ooio.01- Each sample was then annealed 
for two weeks at 600 °C in the presence of additional free 
lead to minimize further Pb losses from the sample. (No 
such losses were detected.) 



The specific heat C of sample 1 was measured by the 
thermal relaxation method over temperatures T between 
0.4 K and 10 K in magnetic fields H = 0, 5, 8, 10, and 
14 T. Sample 2 was measured between 0.7 K and 4.2 K at 
zero field and 10 T to provide a basis for estimating the 
likely degree of sample dependence in the data. 



Figures ^ and [21 plot the excess specific heat AC = 
C — Ci a t normalized per mole of Ce. Here, C a t is the 
lattice (phonon) contribution, estimated from the data 
of Lin et al. 2 Figure ^ also shows error bars for a few 
representative points. The uncertainties reflect possible 
errors both in the measured total specific heat and in the 
lattice correction. By 10 K, C a t makes up roughly 90% 
of C, so the uncertainty in AC is particularly large at 
the upper end of the measured temperature range. 
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III. THEORY 

We modeled the experimental data using the spin-^ 
Kondo impurity model described by the Hamiltonian 

H K = y^(ek + (^9c^bH) 4/ kff + 9il^BHS z 

k, (7 

+^-£E c U<w<w. (i) 

k,er k',0 - ' 

Here ek describes the conduction-band dispersion, a — 
±i labels the conduction-electron spin projection along 
the direction of the magnetic field, ps is the Bohr mag- 
neton, g c and gi are the conduction-band and impurity 
g factors, respectively, J is the Kondo exchange, S is the 
impurity spin operator, and a 3 aa i (j — 1, 2, 3) are the 
Pauli matrices. 

At zero field, the model has a single low-energy 
scaled UbTk ~ €p exp[— f /p(£f) J], where k B is Boltz- 
mann's constant, and p{cf) is the density of states at 
the Fermi energy tp. Since the quantities entering 
the Kondo temperature Tk were not measured exper- 
imentally, we calculated C; mp , the impurity contribu- 
tion to the heat capacity, using the numerical renormal- 
ization group (NRG) method 3 ^ for an arbitrary choice 
p{ep)J = 0.2 and then fitted the temperature scale of 
the data for Ceo.6Lao.4Pb3, focusing particularly on the 
region around the peak in C (which occurs in both sam- 
ples at T k, 1.8 ± 0.2 K). This process yielded a value 
Tk = 2.6 ±0.2 if, some 20% lower than that obtained by 
Lin et alrk We have no explanation for this discrepancy. 

In magnetic fields, it is also necessary to know g c and 
gi. The calculated Ci mp is insensitive to the value of 
the conduction-band g factor, which we took to be g c = 
2. The impurity g factor gi is deduced by mapping the 
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FIG. 1: Excess specific heat AG vs temperature T for sample 
1 (open symbols) and sample 2 (filled symbols) at magnetic 
fields H = (circles) and H — 10 T (triangles). Error bars 
are shown for a few representative points. 



lowest pair of energy levels of Ce 3+ onto an effective spin- 
i degree of freedom, as described in the remainder of this 
section. 

In the cubic crystalline electric field (CEF) environ- 
ment of Ce^Lai-^Pbs, the six J = 5/2 atomic levels 
of atomic Ce 3+ , {\mj)}, split into a Tj doublet and a 
r 8 :quartel£ 

|r 7 ,±) = V^liD-v^lTf), 
|r 8 ,i,±) = y||±|) + v /|| T |), ( 2 ) 
|r 8 ,2,±) = |±i). 

The preponderance of experimental evidenc o^'Ti? indi- 
cates that CePb3 has a T7 ground stated The r7-Fs 
splitting temperature Tcef has been variously estimated 
from the magnetic susceptibility^ to be 67 K, from the 
elastic constants^ to be 76 tv, and from inelastic neutron 
scattering to be 67 K (Ref. ffi) and 72 K (Ref-HO). It is 
probable that the CEF scheme is affected only weakly by 
substitution of La for some Ce atoms since the immedi- 
ate environment of each remaining Ce is unaffected, so 
we set Tcef = 72 K in our calculations. 

In a magnetic field H, the CEF states are mixed by the 
Zeeman interaction. Therefore, the effective Hamiltonian 
governing the atomic J = 5/2 Ce 3+ multiplet is 

2 

H Cc = k B T CEF ^2 E l r 8^'> cr }( r 8,J, cr l + 5Ms J H, 

j=l a=± 

where is the Bohr magneton and the Lande g factor 
for Ce 3+ (J = 5/2, L = 3, S = \) is g = 6/7. 
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FIG. 2: Excess specific heat AG vs temperature T in fields 
of 0T (•), 5T (0), 8T (■), 10T (A), and 14T (▼). Data 
for samples 1 and 2 are combined. The lines show Gi mp for 
the single-impurity Kondo model [Eq. calculated for the 
experimental H values, with gt set to the corresponding (gi) 
listed in Table Q 
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For a given H, we diagonalized Hq c and found the 
splitting AE between the lowest two energy eigenvalues. 
We then used the relation AE = gi^sH to deduce an 
effective value of <?i(H) to insert into the S = i Kondo 
impurity model. This effective g factor is dependent on 
both the magnitude of H and its orientation relative to 
the crystal axes. The strongest variation of gi with H is 
found for fields oriented along the (100) directions, while 
the weakest variation occurs for fields along (111). 

To model the random orientation of our polycrystals 
relative to the field, we averaged <?j(H) over all directions 
of H at fixed H = |H|. Table [I] shows the largest value, 
the smallest value, the mean, and the standard deviation 
of gi for each field H at which the specific heat was mea- 
sured, as well as the minimum splitting Tcef between 
the second and third lowest eigenenergies. 

The table shows that over the range of fields covered in 
our experiments, the lowest-lying pair of states remains 
well separated in energy from the remaining four states. 
This separation (Tcef > 55 K) justifies the neglect of the 
higher levels at temperatures T < 10 K. 

Second, it turns out that although the field causes quite 
strong mixing of CEF levels, the distribution of gi val- 
ues remains fairly narrow, and the mean value shows a 
rather weak dependence on H . We used just the mean 
value (gi) in a NRG calculation of C mp at each magnetic 
field. (The NRG calculations are computer intensive, and 
it was therefore impractical to average over the entire dis- 
tribution of gi values.) We discuss the likely effect of this 
approximation in the next section. 

IV. DISCUSSION 

Figure ^ shows the excess specific heat for samples 1 
and 2, at fields H = and H = 10 T. At each field, 
the data for the two samples lie close to one another. In 
particular, the location (in temperature) and height of 
the peak in AC are very consistent between the samples. 
Given that samples 1 and 2 were synthesized indepen- 
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TABLE I: Properties of Ce 3+ in CePt)3 cubic crystalline elec- 
tric fields with an applied magnetic field of magnitude H. 
fcsTcEF is the minimum over all field orientations of the en- 
ergy gap between the second and third levels. max gi and 
min gi are the maximum and minimum values over all field 
orientations of the effective impurity g factor deduced from 
the splitting between the first and second energy levels, (gi) 
and a(gi) are the mean and standard deviation of gi, respec- 
tively. 



dently, the agreement between their specific heats (both 
in zero and nonzero fields) suggests that the data rep- 
resent the intrinsic properties of Ceo.6Lao.4Pb3, and are 
not merely sample-specific artifacts. 

Figure |3 compares all the excess specific heat data for 
both samples with the impurity specific-heat contribu- 
tion Ci m p computed as described in the preceding section. 
Given that there is no adjustable parameter beyond the 
Kondo temperature Tk deduced from the zero field data, 
there is good agreement between experiment and theory. 
The Kondo model reproduces the field variation of the 
height of the specific heat peak with very high accuracy. 
The temperature of the peak in AC is also well described, 
the only significant deviation occurring for H = 5T. 

In all cases H > 0, the peak in the experimental data is 
somewhat broader than predicted by the Kondo model, 
particularly on the low-temperature side of the maximum 
in AC. This broadening may be partially attributable to 
the spread in gi values arising from the distribution of 
angles between the magnetic field and the cubic crystal 
axes. As indicated by the maximum and minimum values 
listed in Table HI the gi distribution has longer tails on 
the low-gi side of (gi), which should tend to produce an 
asymmetry of the type seen in AC vs T. 

The rather minor differences between the field depen- 
dence observed in the specific heat of Ceo.6Lao.4Pb3 and 
that predicted by the single-impurity Kondo model sug- 
gest that there is no significant coherence effect in the 
specific heat of this system, at least at temperatures of or- 
der the single- ion Kondo scale and higher. This provides 
a clear counter example to the two-fluid model advanced' 1 
for Ce^ Lai Coins and Ce^Lai-^Irlns, where coherence 
effects set in at temperatures more than an order of mag- 
nitude above Tk- 
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